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WIFD-TUPNEL TESTS AND ANALYSTS OF THREE 10-FOOT-DIAMETER
THREE-BLAD“ TRACTOR PROPELLERS DIFFE ERING IN )
PITCH DISTRIBUTION

By Jean @Gilinan, Jf;

' SUMMARY

1]
?

) An investlgatlion was conducted at low Mach numbers ..
to deternlne the effect of veriations in pitch distribu-
tion nn propellsar efficiencry., Three 10-foot-dlameter
three-blade tractcr propellsrs mounted on a streamlilne
body were %tested for a blade-angle range fram 15° to 65°.

.In addlition-to the usual procadure of determining
propeller. thrust and pover coefficients by force-balance
measurements, surveys were .rade of the total pressure
in ths propeller wake to determine ths thrust loadingzgs.
The over-gll propeller characteristics as well as the
thrust and torque loadings were also determined by an
analytlcal method,

The sectlon thrust and torque coefflclilents are
presented for seven standard radll in a form that enables
rapld determinatlion of the thrust and torque loadings of
the three vropellers at operating conditions within the
limlts of the data obtained. Charts are presented that
show the variation of nowsr coefflclent with blade-angle
setting and advance-dlameter ratlc and that lnclude lines
of constant efficlency, Other charts show the variation
of thrust coefficient with advance-diameter fatio at .
both ccnstant blade-angle setting and constant power coef-
ficient. A comparison of the variatlon of thrust coef-
flclient with advance-diameter ratlo at several constant
values of power coefficlent is mmade. to show the relative
effleciency of the three propellers for a large range of
operating conditions. The efficiencies are compared at
several .simuilated flight conditions ranging from take-
off to high speed _
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For the simulated flight conditlons, the induced
axial and rotational components of the éfficiency loss,
and the component due to profile Crag are evaluated and
presented in tabular form. Representative dlstributlons
of these lnduced and nrofile-dyag losses are shown.

Grod agreement was obtained between the calculated
and measured nropeller characteristiecs. The rssults
indlicated that high efficienciss at large advance~
dlameter ratios (in excess of 3,0) could be malntalnsd
if the rvitch distribution were near ortimunm., The induced
axlal-energy loss was shown to be independent of pltch
distribution when the rropellar was operating near peak
efficiency. The 1lnduced rotational-energy loas might
hecoume axcessively high at large advance-dlameter ratios.,
The losa of efficiency dus to profile drag would be
critically dependent on the advance~dlameter ratlio and

the rel.tlonshiy hetween Jp wad tan'y at a given sectlmn,
IKTRODTCTION

The ideal pltch 2¢lstrlbution of a propeller is the
pltch distribution that, for a ziven operating condition,
will vleld minimum energy losses. The induced energy
loss- 18 a minimum when the tlade lcading is cptimwm.

The profilz-drag energy loss is a minimun when the pro-
2uct of the blade chord and profile-drag coefficlent at
each section 1s the least nosslbhle for the required blade
loading. Thess requirenents for minimum energy losses
may ve achieved for a glven opsrating comdition by
following deslgn nrocedures such as those set forth in
refersnces 1 to %, which are based on the work of Betz
and Goldatein.

Because of the fixed vitch distributlon of a glven
propeller, the prooer load distributlion can not be
malntained over a range of operating conditlions. The
variation from optimwa loading muy become anpreclable
for large ranges ol onerating condltions such as those ”
now being encountered by high-speed airplanes. The work
of reference 2 shows chat Improperly loadinz the pro-
peller leads to anmnreclable increases 'in induced energy
losses at high advaace-dlam=ter ratlos,  although the
effect 1s small at adGvance-dlameter ratios less than
approximately 2.,5. In partlcular, the induced rotational-
energy loss 1s shown to become excessaive if.the shank
sections at hizh advance-dlameter ratlos are overloadsed,
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e present investigation wad mdde in the Langley
proneller-research tunnel to determine the effacts of
pltch -distribution on. propeller characteristics for a
range of blade-angle settings from 15° to 65°.. The
program included tests at low Maeh numbers of three
10-font-dlameter vpropellers having NACA -16-series sec-
tions and varylng only in riten distribution. In this
program the usual force-balance test methods were
sunpnlemented with wake surveys to determlne the thrust
loadings. Ths thrust and torque loadlings and propellsr
characterlistics were also determined by an analytical
method with two-dimsnsional-airfoll data.

In the present paper the ocalcula‘ed and measured
propell sr characteristics are comnarsé and curves are
prasentsd that show the comparative efflcliencles cf the
thres »ropellers for a large range of onerating condi-
tions. Tha calculated section thrust and torque coel-
ficlents were emnloved to evaluvate the Induced axial-
energy and rotational-energy losses wunid the 1lnss éus to
profille drag for several operabing condltions.

Ths section thrust and torqus coefflcients are nre-
sented in a form that enables quick Adeterminatlon of the
thrust and torque loadlnzs ol the .three. propellers at
oporeting conditlons within the llmits of the data
obtained,

A chAart 1s presented that »ormits a felrly ranid
qualitative determination of the blade loading for any
prcpoller. Thia chart was found to be quite useful as an
ald 1n the analysls of the results - of thls investigation,

SYNBOLS AL CCEFFICIERTS

a axlal inflow-factor .(fig. 1)

a' rotational inflow factor {fig.-1).

B .number of propeller L1lades

b blade- sectldon chord, fest

Cp section nrofile-draz- coefficient:.. '/_‘:9_.
L '\Eﬁab

Cy, ssotion -1ift voefficient -i—-p \2

L
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CLD - section design lift coefﬁicient

Cp - power coefficient (P/bn5D5) >

Ca torque coefficlelit .Q/bn2D5) )

Cp” "~ ° thrust coefficient (Tn/bﬁzDh)

D .~ -propeller diameter, feot

4D - change in b»ody drag due t» propeller slip-
stream, pcunds

P - - CDF-'vab dr

éDh : sectlon profile drag, »ouncs

(rig. 1) 2

-

dCh/dx.  soction torque coefllcient di/dx

| pn2D5
ACq/dx section thrust coefficlent (Silox
pn-
Na‘o ar ,
cL section 1iFt, pounas 2 . (fig. 1)
A/ section torgque force, pounds (fig. 1)
aT section thrust Torce, pounds (fig. 1)
5 energy lost to axial momentum 1n propelier wake,
& foot=-pounds mner second
ED energy lost thrcugh profile drag, foot-pounds
rer second
En energy lest tc rotational momentum in pro-
peller wske, foot-nounds Dper second
r 3cldstein correction factor Jor finlte number
of blades
AH total-pressure rise in nropeller wake, pounds

per sguare foot

h maximum thicknesas of blude section, feet
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J advance-diambtar ratio (V/nD)
om0 propeller-rbtatipnal spped revolutions per

second

P power &bsorbad b proneller, Toot—pounds per

: second ZﬂnQY )

Q torqua of propeller foob-pounds

qQ free~stream dynamic_pressure, pounds per
square foot (pV3/2) _

R .vadius’ to propellsr tip, faet :

r . radius to nropeller slement, feet

m - - shaft tension, pounds

T, pronulsiva thrust, pounds (T - AD)

v . fres-stream velocity, feet per second

Vi -.-lncal axial velocity, propeller removed; feet
rer sgecond

9) ) true resultant valocity, feet Der second (r1g. 1)

¥y : gecmatric resultant veloclty, feet per second

) (fJ.s- 1)
Wy  total interference velocity at alrfoil, feet
: per seoond (fig. 1)

x radius ratio (r/R)

Xq "' padius vatlo at spimnar juncture

a section angle of attaclk, degrees (fig. 1)

B blade-section angle, degrees (fizg. 1)

= = tan~l —=
¥ CL
. - O‘GL

€ angle of inflow, degrees tan

(fig. 1) LF sin 4
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1 propulsive effliclency (TPV/P or CTJ/CP)
', blade-section profile-drag efficiency
p . mass denslty of alr, élug per cuble foot

Po standard sea-level mass density, slug per cublc
foot

o section solldity (Bb/2mr)

"] serodynamic hellx angle, degrees (fig. 1)

ﬂ; geo?;ggfcigelix angle, degrees (tan™% #%

Yy angle of twlst in propeller slipstream, degrees

EQUATIONS AND METHODS OF ANALYSIS

For the determination of section thrust coeffl-
clent dGT/ax from the wake pressure measurements, a

convenient equation 1s glven in reference !l that
tranaposes to

dCr _ ax
. qh‘J'ax (1)

Sectlion thrust and torque coefflclents were calculated by
the method given in reference 5, The alrfoll characterlstics
shown in figure 2 for NACA l6-series vropeller sections

were ussd 1n the calculgtlons. These alrfolil data were
interpolated from reference 6. The free-stream velocity
distribution was assumed to be uniform and the calculations
were based on the rropeller design dimensions,

Equations for evaluating the 1nduced fractlonal
anergy losses were taken from reference 2. The frac-
tional energy lost to axlial momentum ls

1,0
E dCm -
-2 = iL a __2 ax (2)
-P C dx ..

P
0
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and to rotational momentum
w o wpla0.

o~ .~

- ~E;, 1 ac, - - - e e e
== % al ?E? ax (3)
X0
" where ' I 222
-1 + \/1 +
a= nd xE (1)
2

al! = ch 2 (5)

dx 172Jx5(1 + g)F

The value of x, for this investigation 1s 0.236 for
all thise nronellers,

The fractional snergy loss due to profile drag 1s

. 1.0 -

dac

%? = ﬁ% (} - ﬁ'o) 75% ax (5)
o xO

The value of n'o can be shown to be

ot = ten @
o tan (ﬂ+y‘)
where
_ 1+ a
tan & = T tan g,

The angle y can be determined from figure 2(b) 1f the
operating Cy 1s known. An expression giving the
operating Cp can be derived from the following:

a0p _ mpa? (1 + a)2 4 x
=~ om a1n2g (FL cos # ~ Cp sin ﬂ)
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4Cq  BoJ2x (1 + a)?
dax 16r  sin®g

(CL sin @ + Cp 9;5 ﬁ)

Elininating Cp from the expressions for~the section
thrust and torque and solving for Cj gives the
Following equation

Lo, Lz 5 tan g @C%>.cos¢ sin’g

xBbJ2 ax ax (1 + a)2

CL=

ATPARATUS
Test Zgulpment

The tests were coudnstsd in the Lanzley propeller-
research tunnel. A photograph of tihie test setup is
glven as Tigure 5 and the dimenslonal details are shown
in fi-ure !i. A cleose-up of the nropeller-apinner
arranvenent 1s given as figuvre 5. The ganp between the
propeller blade and the celluloid coverplate was
one thirty-sscond of an inch all arcund.

The »ropellers were driven by two variable-speed
25-horsapower electiric induction motors that incorporated
spring-selsyn dynamometsr egquipment for measuring torque.
Pronollsr rotational speed was determined by means of
electric tachometers ard propeller thrust, by the tunnel
thrust-balance equimnent,

The total-pressure rise in the propeller wake was
detarminzd by a herizontal rgke of total-pressure tubes
alon the right~hand »adius, The radial statlons at
which the indivicdual total-prassure tubes werse lcocated
were at 50, 3L, 37, L2, L5, 51, 55, 60.5, 65, 75, 80,
85, 90, 95, 99, 103, and 110 nevcent of the propeller
radius. The distance from the nropeller center line

back to the total-pressure tubes was 7% inches (0.0625D),

and the minlmum clearsnce betwsen the blade tralling

edse and ths total-pres~ure tube at 0.30K was 0.0135D,

or 1.62 inches. Pressures were recorded photographically
- from an NASA recording multiple tube manometer, which

was inclined 60° from the vertical in order to double

the magnltude of the readings, ’



o T ey
v ok

NACA ARR No. LOE22 ' 9

.PROPELLERS

- -
-
~ -

' The three .nropellers selected for the investiga-
tion were the NACA 10-308-03-55, 10~308-03-l5, and
10+303-03-50 snd will hereinafter. be referred to as
propellers 558, L58S, and 308, respectively. The first
group of numerals in the designation denotes the pro-
peller dlameter in feet; the first digit of the sscond
group 1s ten times the design 1liit coefficlent at 0.70R;
and the last two dliglts of the seccnd group expresa
the thlckness-chord wratio at 0.70R, <he third group of
figures glvea the solidity per blade at 0.70R and the
last group designatea the approximate blade-angle setting
at 0,70R for the deslgn condlition, The blade design
incorporates NACA 16-serles sections,r The activity
factor for each blade is 90 or for the three-mlade tractor
propellers, 270, -The blade-form characteristics are
shown in fisure 6, which slsc' includes a curve showing
the design 11ft coefficient CLD of ths airfoll section

at each station., The angular twist (p ',ﬁ0.75R) of

the blades is compared in figurs 7(a) and curves of p/D
are shown !n figure T(b).

The bladss of propeller ;58 were constructed of
dural and conformed very closely to the design dimensions.
The blades of propellera 5535 and 30S were constructed
of mahogany and varied somewhat from the design
dimensions, Ths blade-ssction angles of proreller 558
were generally within #0,25° of the specified angles,
but two of the blades of propeller 303 were found to be
as much as 2° too high in the tip reglon and to vary
by #1° in the shank sectlons.

TESTS

The range of the force measurements was from zero
thrust to well beyond the stall for the blade angles of -
the following table:
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b

Blade le at 0.75R
. deg)

258 15 |25 | 30 |55 [LOf 45 {50 |55 |60 -= 1.
L5s 15 |25 |30 {35 |LO| 45 |50 |55 |-~ 65
308 15 125 | 30 {35 | ~=] 45 | -= {55 [--] 65

-|Propeller

The- engine speed varied from a maximum of 550 rpm for
low blade angles to 175 rpnm for npealk efflclency at
Bo.758 = 65°. The tunnel airspeed varied from 90 miles

per tour for the largé blade. angles to 57.5 miles per
hour for peak efficlency at 90.753 = 159, The Reynolds

mum2ur baszd on the crord at 0,751 was of the order
of 1 x 109, The resultant valocities were too low to
lead to any comnressibllity offects for the tip Mach
number was always less than C,5.

At eachk blade angle, measurements of the total pres-
sure were made for a range of advance-diameter ratio to
include-only the region of peak efficlency. 'No attempt
was made to obtain measurements under conditions of
stalled operation because pravious investigations (for
example, reference li) have shown that such measurements
are unreliable, The pressure msasurements were not
~extended to 1lnclude zero thrust btscause of the limited
time avallable for testing. A velocity survey {(propeller

removed) was made 7% inches behind the propeller disk
and the results are shown in figure 8.

Blade-deflectlion tests of the thin wooden blades, in
which a reflected-light~beam irethod simllar to that of
reference 7 was usad, showed that the blade deflections
were not upduly large. t a blade angle of 30° the
deflection varied from about C.1° at an advance-diameter
of 0,5 to no measurable amount at peak efficlency. At
a blade angle of 559, the deflection varied from 0,5°
at & low value of J to 0.1° at peak efficlency.

RESULTS AND DISCUSSION

In presentling the results of thls lnvestigation of
pltch dlstribution, the blade sactlon characteristics
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and propellsr characteristics are dlscussed sapardtely.
The efficiencles of the three propellers’ are comparsd
for a range of. operating .condltions "to show _the effect
of changes in the load distribution. .A discussion of "
enerzy losses comnletes the presentation.

Blade Section- Characteristics

Calculated blade-section characteristics.- The cal=~ ..
culated blade section charactariscics Tor seven standard -
radil ars shown in figures 9 to 1li. The variation
of dCp/dx with J at both constént blade-angle setting
and constant rower coeffliclsnt for promellers 558, 458,
and 308, are shown 1in figures 9 to 1l. The correaponding
values of dCq/dx are shown in figures 12 to 1.

liegsured blade-section characteristlcs.- Curves
of daCp/dx against J, us rescimiced irom bthe wake rres-
saure measurementsa, are prescutst la firures ¢ to 11 for
several blade-angle aettings., Close agresment betwoen
the measured and calculated results wus not reulized,
Some of the factors that may have affscted the results
are: the .-flow angularity and velccity variatlon In the
tunnel jst, the increase in stream velocity at the
spinner (fig. 8), the use of internolated airfoil—
gsection Aata, and the previously noted varlation of the.
wooden bladss Ifrom design dimensions. 3ome error was
also probably derived from the use of a aingle survey
rake for a recoent investigatlion (referenceng) concludes
that mome accurate data result from walke surveys across
the propeller dianeter rather than along a single radlus.

dCmp

The measured EE:*CUPYGS, however, are generally

parallel to the calculated curves, Inasruch as’ the
assumption of ths 'independence of vlade sectinns holds
to a falir degree of sccuracy, the measursd and calcu-
lated curves- of* dCT/Hx could possibly be brought into

substantlal agreement by consi%sring only the blade
discrepancies and- the actual R%édistribution. This

procedure was not attemnted, howswer, bascasuse of the
uncertainty irtroduced by the use of a single survey
rake,

Because of the unsatisfactory nature of the measured
ssctlon thrust cosafflclents, the discussion ls confined
malnly to the calculated section characteristics.
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Propeller Characteristbcs

- The over-all characteristics of propellere 558,
453, and 308; ®s determined. from:forece -kests, are -
shovm "in figures 15 to 17, respectively.. /These flgures -
show the variation of . Op 'with -J at cepnstant blade~ .’
angle settings and include contour lines of constant )
efficlency. The operating chart:.for propeller 553.
(fig. 15) 1s of special interest because .1t shows that
high efflclency can be obtalned if the pltch arstribvu~
tion 1s . nesr the optimumm at large advance~diameter -
ratios. The reglon of peak efflclency ocours at lower
advance~diamster ratlos for propellers. ;58 and.308 '
(figs, 16 and 17) than for propeiler 55S. -The advance-
dlameter ratio for peak efficiency varies with the’ '
design pitch éistribution and, of further intersst,’
the region of high efficiencies becomes more limited
a8 the -deaign.pltch distributlon is reduced.. The tontour
curve ‘of propeller 553 for 9l-nercent efficisency, . for ]
example, extends over a ran~e of J from 1.8 to. i
about h.o whereas the ccrresncnding range for pro-
peller 458 is from approxinately 1.5 to 2.0 and’ that
for propeller 303, from approximately 1. 1 to 2.1.

The variation ‘of the thrust coefficients with
aqvance-diameter ratlo at constant blade-angle settings
and also at constant nower coefficients 1s shown in,
flgures 18 to 20 for propellsrs 558, 158, and 308,
respectively., -The variation of Cp with J at.

constant Cp, shown for all three propellers in

fisuré 21, providés a compariscn of their relative merits :
for a‘large ranqe of operating conditions. :
.

. Comnarisen 'of of experimental and . calchlated propeller.
characteristics.~ The calculated uwhrust and power coef- -
Tic-ents aTs shown as short-dash-lines in figures 15

Q:for cemperison with the measured values. The g

our €8 at equal :blade-angle settings show a varylng
laclt'of agreement, principally as a result of the
previously roted ‘blade discrengnocies gnd: the monunifoym - .
velosity. field.- The -calculated - results- for- the metal---:-
propeller (458) are seen to be 1n better agreement

- with the. messured results.than are’ the dalculated ..
results for:the wooden nropellers,’. which indicates that -
the blade-design discreépancies ars ‘the more important
cause of dlsagreement "In the results of the two methods.,
When the c¢alculated thrust coefficients rare’ compared
wlth the experimental values at the same rowar coeffilclent
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(fizs. 18 to 20), good.agreement is obtained betweer
the two sets of data throubh most of the operating range.

The good agreement between the etperimental ahd -
calculated values of thrust cooefficisnt at a given power
coefficliant Indicates that reaconably accurate blade
thrust-loading and torque-locading curves may be
constructad from tha calculatzd sectlon thrust and
torque coefficients shown in figures 9 to 1. A com-
pariscn of measured and calculated thrust-loadlng curves
at constant powar coefficlent is glven in fizure 22.
Becguse of the sncertalnty of the wake-survey data, -
thls compariscn is awproximate, but the comparison 1is
bellevad to tend to bear out the assumption that the -
calculated loadings will te similar to the actual
loarding for a given operating corndition,

"he increass of flow velozciiy due to the splnner
(propsller rsmoved) raises the q463t'on of the effact
of this nonuniform velocity dlstrihution on the pro-
peller charucterlstica. In orde" to determine this
effact, tae Cb&f&CuGT;St*GS wera renalculated for
proneJler 58 ut o, 75 = 259 ard 559 and a com-
narison of these values with the prevliously calculated
values bgsed on a uniform velocity field is shown in
the Followiag vechle:

Propeller |58

Blade angle at 0.75R

[e]
v, 25 55°

cq

J CT CP r)ma.x max

1.0 {1.0 c.0i32]|0.0480[6.900|%.3| 2.0625 |0.22}40] 0,920

3

prpogl1ed .0390( .olks| .675|5.1f L0853 ( .2910] .91k
i

. Corparison of mromellaer effiliclioancles at various
simulafed 11l:.v concitlons,.- Several valuaes of dJ
and C were chosell a8 a basis for comparison of the
propelEer characteristics and Tor analysls of the
efficiency losses, TFor constanti-spsel rvrornellers,
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? increases with: increasing:altitude and J . Increases

.. with increasing forward. apeed. 'Valuas of . Cp .and J
wsre .thereidbe " seleécted to simulate*low Bpeed at- sea

level, médium and high dpedds ‘at 4 medium altituds,

and hiﬂh .speeds at’ two high altitudes,. These values -

of Cp _and J and other beruiment data are presented A\,

in the *ollowing bable: - L

P

oo - at ﬂish .Hish ‘High | :: -
Flighb : Tgﬁasgif G%;Tgogt sneeg at| spead at speed at] -
condition| g e1 55 00. LkL,200 | 39,400
ft £t
p/Pg 1,000 | 0.325 | 0.325 0.200 | 0,250
J .80 2.00 5,15 3,00 3,80
Cp .280 246 2h6 1100 . +320 .

"It 1s emrhasized that compressibllity effects are
not considered in this investigation. In practﬂce the
simalated operating conditichs considered, except. °
possibly take-~off, would probadly lead to canprossibility
loasesa that would exceed the other losses dlscussed
herein,

The valu3s from the preceding table of J = 5. 15
anéd Cp = 0.246 corresmond to the highest efficilency of
ﬁropelfar 558 on the effivienc" contour curve. (3ee
fig. 15.) If these values are assumed to repressnt high
speed at altitude, maximum rate of climb at the same
altitude would require the. same value of CP but would

requlre an advance-diameter ratio of the order of 1.2.
to 2.0, depernding on the airplane characteristics. In
this combarison, cIlimb 1s represented by J = 2.00

and Cp = 0, 2h Tgke-off is usually acccmr]ished at .
an advance-diameter ratio of 0,5 or lesa, but-in this
case a value of ' J = 0,80 and a value of Cp of. 0.080.
are usauned. Becduse of the, current lack of data on -

HACA 1l6-serilss- airfoils at the larger lift coefficients,
i1t Is not poasible to calculate the values of. GP Just

mentlcned for advance-diamater ratios lowar than those
used herein for olimb and 1 take-off,
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The variation of 1 at the .sslected values of Cp

18 shown in flgure 25 for a range of J to include the
values of J chosen for comparison., Propeller 558 is :
seen to kave a higher efficlensy than propellers L5S

and 30S-in the rangs of advance-diameter ratio from 2.60
to 7490 In most of the range of J slmulating climb

st altituds (1.2 to 2.0) propeller |53 1s most efficlent;
whereas propeller 508 1s most eificient 1n take-off, The
difference in efficlency 1in climb and take-off, however,
is small, The values of 1 at the siimlated flight
condltlions ars sumnarized in table I, '

Effect on Load Distrihution of Changss
in Operating Conditlons

The thrust-loadlng and torgue-loadlng curves shown
in figures 2L to 28 are pressnted for the simulated -
flizht conditions of the n»nrecsding section. These fig~
ures indicate that the diflferemnces in the loadings due
to the pltch-distributlion differences of the three pro-
pellers are greater at high than at low advance-~dlameter

ratios fcr equal porer absor»tion,

For a given wmropellsr tha resultant force at any
blade secticn, which determines the thrust and htorque
at the ssctlion, depsands on the square of the resultant
velocity %, and the genmetric angle cf attatk § - f,,
At consitart advance~dlameter ratio, the resultant
velocities increase with Inecreasing radius. With
Increasing advsasuce-diameter ratlio, the resultant
vzlocitles of the inboard sectlons become a larger
percoantagy of vhe resultant voalocltiss at ths tlp sec~
tions, If [ = ¢6 remalns constant along the hlade,

for example, ilncreasing ths value of J 1ncreases the
reas3vltans force of the shark ssctlons as commared to
that of the tip sections. The goouzetrlic angle of
attaclt, however, 1s not necessarile constunt along the
blade but depends op {+ and @, at each section. The

raiial variation of @, &bt any J can be determined
from the relgtlon ' '
g Vi

e
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o eoad =an

'The rudial yariatien of - ﬂa- vas’ calculated for a
large range of advance-diameter ‘ratio, with VL/V

talten to -be equal.to: 1.0 &1l along the blade. The . -
varlation of @, _expressed as ﬁo = $og. 75m7. with T

at eight standard radii 1s shown. in figure 29. These
curves. zive - the angular twist of the resultent geometric
alr stream for any value of J. :

The angular twist of the propeller blades has
previously been expressed as J = fq oop. (See

fig. 7(a).) If for soms value of J under considera-
tion the quantity @, - °0.75R 13 svbtracted from the

quantity [ - Eg T5R?* the difference glves a measure

of the varistion of the geometric angles of attack
alonr the Llade. The curves of

Q‘ " *msa) ) (’“0 h ﬂ°o.75p)

for propellsr 303 at . J.= 3,00 .and for provellor 458
at 7 = 0.30 ave shown in ficzuves 50(a) and 30(b).
The curve ior nropeller 303 shows that for any glven
goeometric angle of attact at 0.752 cthe shank and tlp
angles of attack will be greatar, and these larger
shank and tip angles readlly account for the shape
of the thrust- and torque-loadin curvas of pro-
pellar %0S at J = 3,80. (See rlz. 28.) The curve of

(& - bo.7s8) - Q‘o = Pog 753)'

for mroveller Ij58 at J = 0.80 (fig. 30(a)) shows that the-
shank azngzles of attack are much larger than are the tip
angles of attack. ost of the th“lst end torgque load of
proneller ;538 1s shown In filzure 2l to be located at the
outhicard cstatlons 'in splte of the large shank angles,

the reason being that gt J = 0.6¢ the resultant
velocities over the shank sectiocns are very low ag
comared with the resultant velccitlss over the tlp
sections, The varistion of the sguare of the ratio of-

the shank resultant veloclty to the tip recultsnt veloclty
with aavance-diamater rat¢o is 11lustrated by the
following table:
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“tos | 1.0 | 1.5 | 2.0 | 2.5 | 3.0 | L4.O | 5.0

K OR 0.125 | 0.191 { 0.280 | 0.376 | 0.169 [ 0.546 | 0.675 | 0.765

The resultant force at a section (when nrofile drag 1s

bCrpHe dr
o » Inasmuch as the magnitude

neglected) is

of the vector W 1is very nearly the same as that of
vector ¥, the table’ just given Indicates directly the

increasing importance of a shank section as compared
with a tlp section as J 1s increased,

If values of ¢ - p0.75R Yol any propeller are

plotted directly In flgure 22 to the same scale as the

values of J, - ﬂoo 75’ valuss of

(¢ - bo.z 5“) @"_ 075%)

may be readily seen. The plot therefore glves g quali-
tative renresentation of the angle-of-attack varlation,
which, with dus conslderation to the radial location of
the sections, the sectlon chords, and the value of J,
gives a rough idea of the loading to be exnected. For
provellers incorporating sectlons with large values of
angle of zero 1ift, 1t may be deslrable to base ths
angle [ on the zero-l1ft llne rather than on the
chord 1line of the sectlon..

The blade twist f =~ ﬁ0.753 of a structurally

practlcal propeller should be approximately the same

as the twist of ths resultant alr stream to realize

the best efficlency at a given J. For example, the
angular blade twist of propellers 55S, L5S, and 3083

is 'nédicated in fizure 29 at J = 3.15, 2.60, and 1.40,
respectively; for each vropeller the value cf J
corresnonds arproximately to reek efficlency. In eaoch
case the blade twlst anproxlimates the alr-streum twlst
at tlise valve of J for .peak efficiency. Devlationsa
from the optirmum blade twlst lead to more Important
loases at high than ot low valuss of J as lllustrated
hy the 1-values In table I. At J = 30 for examplse,
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the 61f¢erence in 7 :for. vropellers |58 and 30S. )
is 0,0%5; at J = 3.30,. the. difference in' m for pro-
pellers 303 &nd 558-1& 0,083, " .

The most interesting faot % oqght out 1n figure 29
iz that in order to conform to the résulbant twist,; the
desizn tlade twist should be increased as- the design J
1s increased to a value. of about 2.0 and should then be
decreused as J 1is further increased. If the propeller
design J 1ip .about 2.0, the blade twist falls to con~
form to the twist of the resultant air stream at values
of .J -eithepr higher or lower than 2.0, If the valus of
the design J 1s 5.0 or greater, on +he other hend, the
blade twist.ls similar to that of a propeller designed
to orerate at J = 1l.0.

3reskiown of Fnarjy Losses

The induced energy losses, E,/P and En/P, and
the loss due to proiile drag 2,/F were svaluated for
the five simulated {light condlsions, and :he.rosults
are shown in table I. The sum oi' lnsse loases
Ea+Er+ED

is nresented for cusparison with the

P
measuveld total fractional energ- loss 1 - 71, 'ln which
th.e-value of 1 13 the observed value. Inssmuch &s,

5, t E, + &

for incorpressible flow, the value —= ;' 2

renveosents ihe total Cractional eriergy losa, the-values
.r.',a+_,r+ED

of P - and 1 - 17 in table I should be very

nearly equal, The calculated frsctlonal anergy losses
closely cheek the measured losses 1n several instances,

but 1nequalit1es occur bscause of toe disvrepancies

betwesen the actual and calculated loadings, as indi-

cated in filzure 22, and also because the agresment

hetwoen calculated and measurad thrast coefficients at
equal now2i cceff'icients is not exact in all cases. The
lacik of a;reemept at equal power cosfliclents 1s 1llustrated
by a conparison 'in table I of the integrated CP-Values

from flgures 2L "t 20 with the Cp-values chossn for the

simulated flight.conditlons and by a comparison of the
observed and calculated thrust coefiiclenta., The
integrated value of Cp for propeller 530S, for examplse,
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is 5 psrcent less than the CP-value chosen for simulated

flight at J = 3. 15, and the integrated CT—value is
L. percent higher than the observed. Gp at J = 2.00.

*E
Axial-energy losas.- The Efwvaiues for the threse

propellers in table I are of the same magnltude at any
one oparating condition. The axilal-energy loss is a
large nercentage of the total energy loss at J = 0.80,
but this vercentage decreases as J Iincreases,

~Rerresentative distributions of the axial-momentim-
' . ac .
lass factorx &E;Z are shown in flgures 31(a) and 32(a)

for climb and for cne of the high-~speed conditlons. The
distributions for the cther high~-speed conditlions are
similar to figure 32(a) and for tcke-off, compare with
those far climb (fig. 31(a)).

The calculated axlal-ensrgy losses for each simulated
flight condition, are compared in taeble II with the
optimun axial-enerzy losses as determined from refer-
ence 2 for the same fliakht condition, The optimum and
calculated losses practically coinclide for each flight
coné¢ition, which shows that 1little, 1f any, improvement
in th® sexial-energv loss could be achieved by further -
vae,ying the load distributlion of thess three propellers.

Rotational-snergy loss.- Ths distributions of the
rohational-energyv-loss factor ahaia are shown 1n fig-
ur~a 31(b) and 32(b) for climb and high speed, The
distribution for take-off l1s simllar to.cllmb and all
hizh~apscd distributions are comnarahle to that of
fiznre 32(b). The integrated results in taole II show
that the roastional-energy loss generally tends to
increase with increasing J. Because of the heavier
shank loadins of nropellers ;55 end 30S, the rota-
tional losses oI these ‘nronellers are.urester than tlhose
of mronsiler 558, '

A camnarison of the calculated and optimum values
of E,/P 1in table II iudicai2s that the rotationele
energy loss of wnropeller 558 is about optlinum throughout
the operating ranze under consideration but that gains
in efficiency could be realiged in the case of pro-
pellers -50 and 39S at large wvalnies of J.
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Prafilebdrag‘energy loss. Excent for the high-
spsed operaAbing.cobndibion representsd by J = 3,80 the: -
calculated wvaluvwes of /P 1in table I indicats that ﬁhe
loss of efficliency.due To6 profile drag varles but~ .
slightly, . The low profile-drag losses are mainly the
result of tha small proflle cdrag of the thin Shank )
sections of thease propellers.

The Gistributions of ths profile-drag energv
loss (1 -_.1,1 ) ——i are shcwn in flgures 3% to 57 for

each of the onarathg condit*ona presented in table I.:

Ag?lication to design. *ne foru&oing comparisons

of ‘the al-, rotational-, and profile-drag energy iosdsses -
Indicate thut, of these three fauctors, for light loadlngs .,
(nesr nesk affioiercy),the induced axial-energy loss 1s
not suscent-ole to deaign trecatment insofar as piteh
Gistribubioa i3 concerned. iangsca in the vitch distri-
bution, Wouevar affact hoti tie induced rotatioral and
the nroflle—dra5 ener:;y but aeffect each in a dlfferent
nannar,

When the anile @ 1s small, th2 valus of the .
induced~inflow factcr a! 13 seen ln figure 1 Lo bHe
inconsequantlal comnared with that of the lnflow factor a
but these vslues reverse when @ 1s lerge. The
entle @ hecomes larzer, of co"rse, as J 1increases.
The condition for minimum induced energy losa requires
that

x tan # = constant

as discussed 1n reference 3. For-a ziven operating con-
Gition, this uniform hellcal wake 1s attained by a
certain dlstribution of the blade loading bCy. Charts

in refersnces 1 end 3 that give ths necessary dlstribu-
tion of ©bCy to attaln minimun incuced energy losses

at a glven operating condition 'show that DC; must
be decreased in ths. shanir region as- J 'Is increased,

The factor a“—J& is thus kent as-sﬁall'ﬁé practicable
in the region where large values of g are unavoiddble.
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Figure 29, however, shows that a propeller deslgned
to operate at en advance-~dlametbr Tratio of roughly 1.0
to 2,0 (for example, propellars 305 and 1}58) may bve _
overloaded along the inner.radll 1lf 1t 1s operated at
values of -+ J 'in excess of about 2.5. At J =.3.15

dCn
the inboard values of a'a;i for. propellers L58

and 308 are shown in figure 32(b) to be much larger
than those for propeller 55S, Because of a similar
overloading of the shank sections at  ~ J = 3.80, the
results in table I give values of E.,/P: for- pro-
pellers ;53 and 308 that are nearly ﬁoubla the lossa
tn rotatlonal energy for propeller 558.

‘Propellzsr welxht and dlameter limitations generally
require heavier loadlings tham those encountered with the
propellers "tested, Charts in reference 2 show that for
8 givén number .of blades the- optinum valus of E,/P

becomes larger 1f the loading 1s increased at a ocon-
stant J. Hence, for mmore heavily loaded propellers,
nonoptimum load distrihutions of the type experienced by’
propellers 30S and 1,58 lead to rotatlional-energy losses
more serious than the results of tavle I indicate.

The profile-drag energy loss varies with Cp/Cy,
as indlocated by the equation

tan @

G tan (& + v)
1

T]'

For a small oonstant value of CD/CL, the value of Ty

does not change apnreclably in the aprroximate range
of @ from 20° to 70°. The value of 7', decreases

rapidly as the value of @ decreases below about 20°
or increases above about 70.

The value of Cp/Cp, or tan y, varies with Cf,
as shewn in figure 2(b). Very low oporating Cr~values

and Cr-valuss beyond the stall produce an abrupt

Increase in tan y with a correspondinzg increase in the
profile-drag loss,

The profile-drag losses for the five simulated flight
conditions discussed hereln are of particular interest.
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In take-off,. for example, the measured efflciency of .
nropellsr L)S 13 51.5 percent as compared with

B5.0 nercent for.propeller-30S and.8L.1 percent for
propeller 55S, Operating Cyp-values were determined
for take-off and are.presented in figure 38. The Cy-~

values of propsller 58, nearly 0.7, 1n the®reglon

of 0.50%, are on the border of the reglon for an abrupt.
rise of tan y. ¢(See fig. 2(b)). Becauss the airfoll
section characteristics are interpolated, however, the
values of Cy, and tan y shown must be regarded as

estinatss pathér than the actual values at the blade,
Hence, although.the calculated value -of | Ep/P . for

propeller L}58 for talke-off cnly alightly. exceeds the
value for either of the other two propellers, in
actusllty the proflle-drag lcss could be larger than .
shown - or 1arge enough to account for the discrepanoy

E + B
between the value 0.1(1 for 'JL-—1L——E§2 and 0,185

for 1 -7, 1in table I, If chis suhwositton is tenable,
the take-off gqualiiies of n“ope¢1er 5 could s Improved
elthe: by reducing the pitech In the 1":asnv:l.on_ozt‘ O0.5R or

bty lncorporetling shanl: sections witin a highor critical
11ft coefficlent,

The gnod efflciency of provellsr 558 In talte-off,
El..1 percent as ccmnured with 35'mercent for pro-
peller 303, illustrates a »reviously mentioned point =~
the sumilarity of the pitch distribution of a propeller
of ni, h piltech (J = 3,0 or greater) to that of & pro-
peller of low pitch., (See fig. 29.)

The distridution of fractional energy . 1oss due to
profile drag of nropeller 30S in climb (fig. 3i.) .shows
that thils loss 1ia large in the tip region. By eom-
paring in figure 29 the blade twist at the. tip
(berond 0,75R) with the resultant air-stream twist,
propeller 3058 1s readily sesen to be lnaufficientlv
twisted in this region for J = 2,00, 48 a result,
values of Op are high 1n the tip region. The estli- -

mated Or=~values of all threse vropellers are shown in
flgure 59.

The distributions of fractional energv-loss due to
profile drag (figs, 35 to 37) are similar for all three
of the simulated high-speed flight conditions., The .
estimated OCp-~values of the three propéllexs at -
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= 3,15 and Cp = 0.216 are shown in figure . o, It
will be noted that the Cp-=values at the inner radii of

propeller 558 are very low and henoe lead to.large °
values of tan y. The resulting low profile-drag
efficiency at the inner radii does not seriously affect
the propeller efficlency, however, because of the small
contributlion of these sections to the total power absorp-
tion.

" A comparison of the rouational- and proflle-drag
energy losses - at J = 3,80 shows that of the two
losses the proflle-drag loss 1s the more lmportant for
each -nropeller. The Cp-variations for this flight -

condition, presented in figure L1, indlcate that the
Crp-valués of” all three propellers are In a favorable
Cp/Cy, range for most of the propeller radius. The’
rolationshlp between Cp and tan y of the shank sec-
tions (from x = 0.3 to x = 0,5) 1s more favorable
for propellers- 455 and 308 than for propeller 55S. - The
drag losses are shown in fliure 37 to bs higher for the
shank sectlons in the case of: propeller 455 and BOS
than for propeller 558.

At x = 0.3 and J = 3,60 the angle of the
resultant wind @ 1s very larze. Thie angle @, 1s a

close approximation to the angle ¥ near peak eff iclency,
and ‘F, at J = 3.80 1is shown in flgure 29 to be

about 76°. Hence, @-values in the region of 0.30R are
In the range 1n which only slight differences in
cause large differences 1n m',, even if ten y 1s the

same for all three prorellers, This sensltlivity of the
profile-drag loss to large geomstric helix angles,
ccupled with the large power avsorption of the inner
radlil, has a very detrimental effedt on the efflclency
of propellers 4,58 and 308, Proneller 30S suffers an
addltlonal  proflle-drag loss because of the low Cr-value

at 0,70R; the "bump" in the curve of the nrofile-drag-
loss distribution of propeller 30S (fig. 37) i1s the
result of the Increased value of tan y.

CONCLUSTIONS

Tests were made at low Mach numbhers to determine
the effects of pltch dlstribution on propeller charac~
teristica for a larze range of operatlng conditlons.
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The three-blade tractor propellere used were of l0-foot
dlameter and embodled NACA l6-series airfoll sections.

The following conclusions are based on the results of
these tests supnlemented with data ootained by an -
analytlcal. method:;

1. Good agreement was obtained between the measured
and calculated.propeller characteristlcs,

2. High efficiency can be obtainéd 1f the pitch
distribution 1s near the optimum at large advance-
dlameter ratlos,

3. A propellier of design advancs-dlameter ratio
of 3,0 or greater would have a favorable loadinzg for
lower values of-the advance-dlameter irutlo in the
take-off range (J = 1.0 or lower),

i, Varlations in load distritiution have very little.
effect on the magnitude of the lnduced axlsal-snergy loas.
neap:peak efficlency.

5. The use of a propeller at other than design
advance-dliameter ratio might 1ncur sxcesslive rotatlional-~
energy losses 1f the operatlng advance-~dlameter ratio
18 in excesa of about 2.5.

Langley Memorlal Asronautlcal Leboratory
Natlonal Advisory Commlttee Ifor Aeronsutilcs
Langley Fleld, Va.
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TABLE I

CALCULATED A?' D EXPERIHEHTAL THRUST AND POP'E% (‘OEF'E‘IGIENTS AND BREAXDOWN - OF momm
EFFICIEMJY LOSSES F(R SEVRAL SIMULATED FLIGHT CONDITIONS

>

|
1
t

‘- | Observed /P- E_/P Y 2 E" K _‘ : Calculated Observed cgleu:laﬁéd’
; : . Take-off; 'J, 0.80; Cp, 0.080 )
8 0.841 }o. 0.019] 0.0 0.1 0.1 0.080 0.08h1. |- :0.082 "]
?s .glfs 828 i .oeg ﬂ‘S .1BZ | .12% +080. ..Qeli‘s .08l
z08 ~ ] .850 | .087 | 019 - oli7 A S .;'0'79‘ -} ..0850 | ..08%
. Climb; J, 2.00; Cp .246 : o . P
gs - | 0.892. }o. og o.og_é 0.042 0.11 0.106 | o0.248 "0.10 * 0,10 ,
Z-s ve§ 3 co 6 QO?‘Z -10 i .11 121 .110 s i -lﬁ *
308 . . .03.-4 JO3TL . 115 13 .2 1062 { .1 y
; 'High Speed; J, 3.15; - Cpy. G él+6 ST oo
58 0.930° {0.012 {0,026] 0.051} " 0.089 0. o7o “o0.2, | 0.07267 -0.071. -
58 . +905 2009 | 034} .0L9 092 095 {  .2LB .+0706 } oz% "
308 873 009 | (O3L] .050 0% .127 7238 <0 . 06T .
. Digh Speed; J, 3.00; Cp, 0.40Q P P .:
ggs 0.902, :0.8{96 0;81551 o.o%:% 'o'.ifgg- 0'({358 -0.39% 0.1202 l ‘o.'ﬁegg
8 . . . 1 . . . . . C e ) Te
308 -Bg s -018- -051 * .l ol]_.?) olm "%994-- : -11147 ' -1185 _.
P Bigh Speed; J, 3.80; Cp, 0.320 . L o
58 0.91, }0.007 J0.0291 o. 0.083 . 0.086.| 0315 | 0.0770 0.0751
58 -3'73 . ¢00 ] 0050 Ioﬂ » 1&3 ' - ]27 3 q%l} A .0;376 10%27
308 .81 | .006 -053] 070 129 (169 J & 311 f: J0700 | L0716
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INDUCED EFFICIENCY LOSSES OF.PROPELLERS 558, 458, AND 30S
AND OPTINUM. ENERGY LOSSES FOR SEVERAL STMULATED
FLIGHT CONDITIONS

S Caloulated | Optimum Toatoniates Opt Lmum
Propeller| . E./P . Eg/P | E./P E./P
. ’ (a) _ (a)
Cp'= 0.080; J = 0.80
Pss 0,090 0.090 0,019 0,02]L
L58 .009 .090 . 9023 .02l
. 308 <087 0G0 .019 .02l
' "Cp'= 0.246; T = 2,00 '
558 0,037 - | 0.033 { . 0.036 0.037
458 035 - 033 056 057
308 . O3L «053 037 037
_ ) Cp = 0s246; - T-= 3.15
53 0,012 0.01L 0.026 ,0.025
58 .009 ; 0Ll O3l . 025
3203 " ,009 .014 « 03l .025
_ Cp = 0.400; J = 3,00
58 - | 0.019 0.018 | 0.043 0.0L45
e .02 .018 . «051 " 0L5
303" T .018 .018 »051 +Ol45
Cp = 0.320; J = 5{80
" 558 . 0,007 L 0,010 0.029 | 0,029
58 T ,006 ¢ " L.010 .050 . «029
- 308 . 006 010 .«053 - ,029

80ptimum velues are from figures 2 and 3 of reference 2,

NATIONAL ADVISORY .
COMMITTEE FOR AERONWAUTICS
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Figure 1.- Geometrlc relation of blade element forces
and velocities.
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Fig. 2b
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Figure 2.- Concluded.
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Figure /6.- Propeller operating chart. Propelfer 45 3.
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Flgure 25.- Grading curves at climb. Cp = 0.246; J = 2.00.
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Figure 26.- Grading curves at high speed. Cp = 0.246; J = 3.15.

‘314

®97Z

*ON ¥dV VOVN

33891



Fropel/ler ' | i |
555
455
/0 IS === —
o]
TN
.08 // AN
4 < //,A\k\ :
V4 _ .
06 —Spinner surfoce / _ - £ 4 _ -
g% LA T INA
¢ /// _ | 5_
OIX kg\ // |~ \ \
Py I = v L N 4 O e \

//
]

)
02 —

NATIONAL ADVISORY

A

COMMITTEE FOR AERONAUTICS

2 3 P "

{b) Torque.

6
x

Figure 26.- Concluded.

7 .8 .0

"ON ¥¥V VOVN

32H91

‘314

q93g

q



20
/6
dCy
ax /2
.08
.04
0

T ] I
Prope//er] T\
555 T --F.
755 AT
FOS —mmmme < ]
- Sp/nner Surfoce A7 \
17
Valp \
e
A et

/ NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

J pea ) 6 7 .8 .9

X

(a) Thrust.

Figure 27.- Grading curves at high speed. Cp = 0.400; J = 3,00,
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Figure 28.- Grading curves at high speed. Cp = 0.320; J = 3.80.
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Figure 30.- Variatlon of geometric angle of attack, based on chord line.
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Figure 3l.- Distribution of induced energy losses in climb, Cp = 0,246; J = 2,00,
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(a) Axial-momentum-loss factor,

Figure 32.- Distribution of induced energy losses at high speed.
CP = 0‘24’6; J = 5015.




Fig. 32b NACA ARR No. L6E22
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Figure 33.- Distribution of fractional energy loss due to profile drag. Take off, Cp = 0.080; J = 0.80.
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Flgure 34.- Distribution of fractional energy loss due to profile drag., Climb, Cp = 0.246; J = 2,00,
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Flgare 35,- Distribution of fractional energy loss due to profile drag, High speed.
CP = 0.246; J = 3.15.
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Flgure 36.- Distribution of fractional energy loss due to profile drag, High speed.

CP = 0.400; d = 3.00.
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. Figure 38,~ Variation of C;, with x at take-off,

Cp = 0,080; J = 0,80,
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Filgure 39.- Variation of Cj; with x at climb,
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Figure 40.~ Variation of Cj with x at high speed,
Cp = 0.246; J = 3.15,
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